T he blood brain barrier (BBB) formed by the endothelial cells of cerebral capillaries provides a highly selective vascular permeability and maintains brain homeostasis. Passive diffusion through the BBB is regulated by brain endothelial tight junctions (TJs), which are composed of transmembrane and cytosolic TJ-associated protein complexes.
1,2 Among major TJ proteins, which play a critical role in the formation and integrity of vascular barrier are occludin, claudins (claudin-5 [CLDN5] and claudin-1 [CLDN1], among other family members), and a major scaffolding protein ZO-1 (member of the zonula occludens protein family). 3, 4 Expression, cellular distribution, and interaction of these proteins with each other are critical for paracellular permeability and TJ-mediated signaling. 5 BBB integrity is disrupted during various neuropathological conditions, including cerebral ischemia/stroke. Stroke results in the breakdown of the BBB, with subsequent damage to cerebral vasculature and nonvascular brain elements, including neurons, astrocytes, and microglia. Hypoxia-induced vascular damage is associated with disruption of paracellular cell junctions, with selective targeting of brain microvascular endothelial TJ complexes. [6] [7] [8] MicroRNAs (miRNAs) are recently identified short mRNAinterfering molecules, implicated in the regulation of gene expression and, thus, modulation of major cellular functions. [9] [10] [11] Recent studies show that TJ integrity is regulated and fine-tuned by various mirRNAs, which directly influence expression of TJ and adaptor proteins, and other regulatory molecules.
12
Multifunctional miR-155 is regarded as a mediator of various physiological and pathological processes, including immunity, inflammation, cancer, and cardiovascular diseases. 13, 14 miR-155 expression is limited to hematopoietic cells and cells involved in vascular remodeling, including endothelial cells. 15, 16 Our previous studies demonstrated that miR-155 negatively regulates proangiogenic signaling pathways in mouse brain endothelial cells: inhibition of miR-155 significantly enhanced while overexpression significantly inhibited the in vitro endothelial morphogenesis. 17 In addition to these findings, we also demonstrated that in vivo inhibition of miR-155 following experimental cerebral ischemia results in preservation of microvascular integrity in the peri-infarct area of the mouse brain. Improved TJ integrity in the inhibitorinjected animals was accompanied by increased levels of the TJ protein ZO-1 in brain tissue extracts. 18 In addition, we
proposed that miR-155 inhibition-induced stabilization of TJs could be associated with altered poststroke inflammatory response. 19 Our in vivo studies involving systemic anti-miR-155 injections did not precisely determine whether miR-155 inhibition directly influenced the vascular endothelium.
Based on the existing literature and our previous findings, we hypothesized that miR-155 inhibition could support the barrier functions of the cultured endothelial cells. The present study aimed to establish whether the miR-155 silencing could strengthen the endothelial TJs after the experimental ischemia. In addition, it was our intention to determine the relevance of our prior animal studies to human stroke. To accomplish these goals, we investigated the effects of changes in miR-155 expression on the endothelial monolayer integrity and expression of TJ proteins in human primary endothelial cells subjected to experimental hypoxia/ischemia.
Materials and Methods
The data, analytic methods, and study materials will be made available to other researchers upon request for purposes of reproducing the results or replicating the procedure.
Cell Culture
The experiments were performed using human primary brain microvascular endothelial cells (HBMECs) from Cell Biologics (Cat# H-6023). According to the company's documentation, immunofluorescence staining and fluorescence-activated cell sorter confirmed that these cells isolated from the human brain tissue express endothelial cell markers CD31/platelet endothelial cell adhesion molecule 1 and vascular endothelial (VE)-cadherin. Cells were expanded in complete cell growth medium provided by Cell Biologics (Cat# H1168). The cells were received at passage 3, and passage 4 was used for the experiments. HBMECs were seeded in precoated 24-well and 6-well cell culture inserts (2910 5 and 8910 5 cells per insert, respectively). Cells grown in 24-well inserts were used for the multiwell assays, while 6-well inserts were more convenient for harvesting the cells for Western blot and RNA isolation analyses. Transparent PET membrane 3-lm pore size Falcon cell culture inserts and cell culture dishes were purchased from VWR.
Oxygen-Glucose Deprivation
At 48 hours after seeding, HBMECs were subjected to 3 hours of oxygen-glucose deprivation (OGD) as previously described. 20 Complete growth medium was replaced by glucose-and phenol red-free Endothelial Cell Basal Medium (Cell Biologics, Cat# GPF1168b), preequilibrated with 95% N 2 , and 5% CO 2 . Cells were then incubated in a humidified airtight chamber (Billups-Rothberg Inc) equipped with an air lock and flushed with 5% CO 2 /95% N 2 for 15 minutes. The chamber was sealed and kept at 37°C for 3 hours. The
Clinical Perspective
What Is New?
• MicroRNA-155 (miR-155) inhibition improves the monolayer integrity of human primary brain microvascular endothelial cells following oxygen-glucose deprivation.
• miR-155 silencing after oxygen-glucose deprivation results in increased levels of major tight junction proteins claudin-1 and zonula occludens protein-1.
• miR-155 inhibition supports the interaction between zonula occludens protein-1 and claudin-1 and leads to their stabilization at the endothelial cell membrane.
• miR-155 inhibition-induced improvement of the endothelial barrier function is mediated via its direct target protein claudin-1.
What Are the Clinical Implications?
• Based on our results, we propose that blood brain barrier integrity after stroke can be improved by the modulation of miR-155 activity.
• The obtained in vitro data support our in vivo studies and demonstrate the applicability of our prior findings to human stroke.
• Our research promotes a novel approach to cerebral regeneration: regulation of postischemic recovery via directed targeting of a specific miRNA.
oxygen concentration was below 0.2% as monitored by an oxygen analyzer (Sable Systems). Upon OGD termination, the cells were removed from the hypoxic chamber, the medium was replaced with complete growth medium, and the cells were placed back into the incubator. Control cultures were kept in complete growth medium at 37°C in 5% CO 2 /95% air.
HBMEC Transfection
At 24 hours after OGD, human miRNA miR-155 (hsa-miR-155) was inhibited or overexpressed in HBMECs, using specialized miRCURY LNA oligonucleotides from Exiqon. Transfection was performed according to the manufacturer's manuals, using X-tremeGENE siRNA Transfection Reagent (Sigma, Cat# XTG9-RO). Specific hsa-miR-155-5p antisense inhibitor (Cat# 4101510-002) and miRNA inhibitor control (scrambled oligonucleotide, Cat# 199006-002) were used in concentration of 25 pmol per 24-well cell culture insert and 150 pmol per 6-well insert. The amount of transfection reagent used was 1.5 lL per insert per well. The effect of miR-155 overexpression was studied using hsa-miR-155-5p mimic (Cat# 472490-001) and miRNA mimic negative control (Cat# 479903-001) nucleotides. Following the manufacturer's instructions, miR-155 mimic was used in concentrations of 2.5 pmol per 24-well cell culture insert and 15 pmol per 6-well insert. The amount of X-tremeGENE siRNA transfection reagent used was 3 times less than concentration used for miR-155 inhibition. Oligonucleotide and transfection reagent mixture was prepared in Opti-MEM reduced serum medium, mixed with the appropriate amount of complete growth medium, and added to cells for 24 hours. After this, the transfection medium was replaced with complete growth medium only, and the cells were left to grow for another 24 hours. At 48 hours after cell transfection, the cells were used for analyses and assays described below.
Monolayer Resistance
Endothelial monolayer resistance was assessed to evaluate the effect of miR-155 inhibition and overexpression on endothelial integrity. HBMECs, grown on cell culture inserts, were used for analysis. The measurements were performed at 48 hours after cell transfection (at day 5 after cell seeding, and accordingly, day 4 after OGD). Transendothelial electrical resistance was measured using the Millicell ERS-2 electrical resistance system (Millipore), according to the manufacturer's recommendations. The blank resistance was determined by measurements across the blank (no cells) insert. For final calculations, measured resistances were corrected by subtracting blank resistance and multiplying by the area of the insert membrane (0.3 cm 2 ). The measurements obtained from 4 independent experiments, each with 24 wells (96 measurements), were used for statistical analysis.
Endothelial Permeability Assay
The same HBMECs, grown on cell culture inserts and used for electrical resistance assessment, were subsequently used to assess endothelial permeability. The assay was performed as previously described in detail, 21 with slight modifications specific for brain endothelium. Fluorescein-labeled 3 kDa Dextran (Thermo Fisher, Cat# D3306) was added to the upper chamber of the cell culture insert, at a final concentration of 30 lg/mL. Three hours later, 100-lL aliquots were collected from the lower chamber of the insert and transferred to a 96-well plate. Fluorescence intensity was measured on the Fluoroscan Ascent microplate fluorometer (Thermo Fisher), with excitation at 485 nm and emission at 535 nm. The amount of fluorescent dextran diffusing through the endothelial monolayer from the upper chamber to the lower chamber is indicative of increased permeability. The measurements from 4 independent experiments, each with 24 wells (96 measurements), were collected for statistical analysis.
Methylthiazolyldiphenyl-Tetrazolium Bromide (MTT) Colorimetric Cell Viability Assay
Cell viability assay was performed as previously described. 17 Briefly, the cells were incubated with 0.5 mg/mL of methylthiazolyldiphenyl-tetrazolium bromide (Sigma, Cat# M5655) for 4 hours at 37°C, and treated with 1:1 ethanol:dimethyl sulfoxide for 20 minutes at room temperature. The ability of cells to convert methylthiazolyldiphenyl-tetrazolium bromide into purple formazan provides an indication of the mitochondrial integrity and activity, interpreted as a degree of cell viability. The optical density was measured at 570 nm (with background subtraction at 630 nm) using the Multiskan Ascent microplate reader (Thermo Fisher). Abs570 nm is directly proportional to the number of viable cells.
NO and Cytokine/Chemokine Assays
ECs were subjected to OGD and miR-155 inhibitor or mimic transfections, as described above. At 48 hours after transfections, cell-conditioned medium (cells were grown in this medium for 24 hours) was collected and analyzed for NO and human cytokine expression. Plain cell culture growth medium (unconditioned) was used as a negative control. NO release was assessed using Total Nitric Oxide and Nitrate/Nitrite Parameter Assay Kit (R&D, Cat# KGE001), according to the manufacturer's instructions. Endogenous nitrite was measured via colorimetric detection of optical density in each well using a Multiskan Ascent microplate reader set at 540 nm.
Human cytokine expression was assessed using the Proteome Profiler Array from R&D (Cat# ARY005B). This membrane-based sandwich immunoassay allows detection of 36 human cytokines, chemokines, and acute-phase proteins simultaneously in the same sample. The procedure was performed according to the manufacturer's instructions. Profiles of mean spot pixel density for all cytokines were quantified using ImageJ software (National Institutes of Health).
RNA Isolation and Reverse Transcription qPCR
Total RNA was isolated using the mirVana miRNA (Ambion/ Thermo Fisher) isolation kit, according to the manufacturer's recommendations. To evaluate miR-155 expression in the samples, miR-155 quantitative polymerase chain reaction (qPCR) was performed using miRCURY LNA Universal RT miRNA polymerase chain reaction (PCR) primer sets from Exiqon. The primers included hsa-miR-155-5p LNA (Cat# 204308) and U6 snRNA reference primer set (Cat# 203907). ExiLENT SYBR Green master mix and Universal cDNA Synthesis Kit were from the same company. CLDN1 qPCR was performed using PCR products from GeneCopoeia, including All-in-One qPCR primers for human CLDN1 (Cat# HQP022026), and GAPDH as a reference gene. All-in-One First-Strand cDNA Synthesis Kit and All-in-One qPCR Mix were from the same company. qPCR reactions were performed on an Applied Biosystems ABI 7300 real-time PCR system (Thermo Fisher).
Western Blot Analysis
The cells were scraped from 6-well cell culture inserts with lysis buffer containing 1% (vol/vol) TX-100, 150 mmol/L NaCl, 10 mmol/L Tris-HCl pH 7.4, and a protease inhibitor cocktail. Total protein concentration was determined for each sample using a DC protein assay kit from Bio-Rad. The proteins were separated on 4% to 20% gradient Criterion precast gels (Bio-Rad). SMAD-1 and Rictor proteins were detected using SMAD proteins (Cat# 12656) and mTOR pathway (Cat# 9964) antibody sampler kits (Cell Signaling). The expression levels of cell junction proteins were detected using anti-ZO-1, anti-VE-cadherin, anti-occludin, anti-CLDN5 (Thermo Fisher, Cat# PA5-28869, PA5-19612, 33-1500, and 35-2500, respectively), and anti-CLDN1 (Cell Signaling, Cat# 4933) antibodies. Anti-RoA (Cat# 2117) and anti-Ras homolog enriched in brain (Rheb) (Cat# 13879) were from Cell Signaling. Horseradish peroxidase-labeled secondary antibodies were from Cell Signaling and Amersham Biosciences. The density of the protein bands was determined using Image J software, normalized by actin or GAPDH (Millipore, Cat# MAB374) expression, and quantified using Microsoft Excel software. The samples were collected from 3 to 6 independent experiments.
Immunoprecipitation was performed using TrueBlot antirabbit Ig IP agarose beads from Rockland Company (Cat# 00-8800-25), according to manufacturer's recommendations. Cell lysates were prepared as described above (3910 6 cells were used for each immunoprecipitation). ZO-1 was immunoprecipitated and detected with rabbit polyclonal anti-ZO-1 antibody from Thermo Fisher. Horseradish peroxidase-conjugated TrueBlot anti-rabbit IgG (Rockland, Cat# 18-8816-31) was used as a secondary antibody. The TrueBlot system was efficient in eliminating an IgG heavy chain signal; however, it had no effect on the IgG light chain, which interfered with detection of CLDN1 (MW 23 kDa) in the immunoprecipitates. To overcome this problem, CLDN1 was detected using Human Claudin-1 Alexa Fluor 700-conjugated antibody (R&D, Cat# FAB4618N), using an Odyssey Infrared Imaging system for Western blot analysis. 4G10 Platinum anti-phosphotyrosine and anti-phosphoserine antibodies (Millipore, Cat# 05-1050 and AB1603) were used to detect ZO-1 phosphorylation levels in the immunoprecipitates.
Immunofluorescence Staining
The cells were fixed with 4% paraformaldehyde solution and quenched with 50 mmol/L of ammonium chloride. Following permeabilization with 0.1% (v/v) Triton X-100 and blocking with 1% horse serum, the samples were incubated with specific primary antibody (4°C overnight, using dilution suggested by the manufacturer). Acetone fixation was used for CLDN1 staining. The following primary antibodies were purchased from Thermo Fisher: Alexa Fluor 647-conjugated anti-ZO-1 (Cat# MA3-39100-A647), Alexa Fluor 488 conjugated anti-CLDN1 (Cat# 374988), Alexa-Fluor 488-conjugated anti-human CD144/VE-cadherin (Cat# 53-1449-41), antioccludin (Cat# 33-1500), and anti-CLDN5 (Cat# 35-2500). Acti-stain 488 (Cat# PHDG1) and rhodamine-labeled (Cat# PHDR1) fluorescent phalloidin probes were purchased from Cytoskeleton. Antobodies against von Willebrand factor (Cat# AB7356), and fluorescein isothiocyanate-conjugated antihuman CD31 (Cat# CBL468F) were from Millipore. Detection of the unconjugated antibodies was followed by the incubation with fluorescein isothiocyanate-and rhodamine-labeled secondary antibodies (Jackson ImmunoResearch Laboratories). 4 0 ,6-Diamidino-2-phenylindole staining was used to visualize nuclei. All samples were imaged on a Zeiss LSM800 confocal imaging system. Colocalization analysis for ZO-1 and CLDN1 immunofluorescence staining was performed using ImageJ-based Fiji software. Quantification was performed either using the entire cell area or region of interest selection for cell membranes. Costes auto threshold method was applied to generate correlation scatterplots (between the intensities of the 2 color channels) and automatically define a proper intensity threshold for both channels. Coloc 2 software automatically calculated Pearson correlation and Mander co-occurance coefficients. Finally, Costes colocalization test was performed to verify the accuracy of the analysis.
Luciferase reporter assay was performed using Luc-Pair Duo-Luciferase HS Assay Kit (GeneCopoeia). The assay was performed in HeLa cells, which demonstrate a high efficiency for DNA plasmid transfection. HeLa cells were seeded in 96-well assay plates at a density of 4910 4 cells per well. At 24 hours after seeding, the cells were cotransfected using the following combinations: (1) 
CLDN1 Overexpression
Expression/transfection-ready open reading frame clone was purchased from GeneScript (Clone ID OHu20823). The plasmid sequences represent the protein-coding region of the CLDN1 cDNA open reading frame, which is encoded by the open reading frame sequence. Open reading frame sequences are delivered in pcDNA3.1+/C-(K)DYK standard vector. Transfection was performed using Lipofectamine 3000 reagent (Thermo Fisher) according to the manufacturer's recommendations. The assays and analyses were performed at 48 hours after transfection.
Statistical Analysis
For the reverse transcription qPCR, NO release, cytokine assay, Western blot, and luciferase assay analyses, pairwise or multiple-group comparison was performed using nonparametric Mann-Whitney test or Kruskal test, respectively. The normalized values obtained from the measurements performed in each independent experiment were used for statistical analysis, using software R version 3.4.1 (R Foundation) and GraphPad Prism version 6.05. For quantification of the data obtained from the endothelial monolayer resistance and permeability multiwell assays, we employed linear mixed effects models for analysis of well-level data. The models control for between-well correlation among the 24 wells in the same experiment as well as between-experiment variation. The method assigns a "random effect" to each replicated experiment and is capable of quantifying the intraclass correlation among wells from the same experiment and at the same time compares among experimental groups. The method entails ANOVA and regression models as special cases when clustering among well-level data are negligible. It encompasses simultaneously pairwise group comparison and overall comparison under a unifying model setting.
Results
HBMECs were isolated and extensively characterized by the Cell Biologics Company. In addition to information provided by the vendor, we performed further characterization of HBMECs, using endothelial cell phenotypic markers. We confirm that the cells are characterized by "cobblestone" morphology and express endothelial markers CD31 and VEcadherin ( Figure S1A and S1B). The cells also express von Willebrand factor, exhibiting characteristic intracellular rodlike staining ( Figure S1C ). Endothelial morphogenesis assay, performed to check for the HBMEC's ability to form capillarylike tubes in vitro, demonstrated that HBMECs formed capillary-like structures characteristic of the endothelial cells ( Figure S1D ). These additional tests confirmed the vascular endothelial cell phenotype of HBMECs used in our experiments. Figure 1A demonstrates the general experimental setup: HBMECs were seeded in the precoated cell culture inserts. Oxygen-glucose deprivation was utilized as an in vitro model of cerebral ischemia: at 48 hours after seeding, the cells were subjected to 3 hours of OGD. At 24 hours after the OGD, the cells were transfected with miR-155 inhibitor, mimic, or appropriate scrambled oligonucleotides. At 48 hours after transfection, the cells were subjected to different assays and analyses. We believe that this setup mimics our in vivo studies, where miR-155 was inhibited after the experimental stroke, and testing was performed at 48 hours after the last anti-miR-155 injection. expression level of miR-155 in non-OGD normoxic controls (NCs) was not different from the OGD/MC and OGD/IC samples. This observation is similar to our in vivo findings and could be related to the fact that the samples were analyzed at the later time point (3 days) after the OGD. PCR analysis showed that miR-155 mimic induced 16-fold overexpression of miR-155, as compared with mimic control (Figure 1C ), while transfection with antisense inhibitor resulted in 1.6-fold inhibition of miR-155 ( Figure 1D ). Since miRNA inhibitors do not degrade their targets, miRNA qPCR is not efficient for measuring the level of miRNA knockdown. For more accurate monitoring of the inhibition efficiency, we checked the expression levels of miR-155 direct target proteins Rictor and SMAD-1. These proteins were upregulated following the in vivo inhibition of miR-155 in our previous studies. 18 Accordingly, Western blot analysis of OGD/I cell lysates revealed statistically significant upregulation of Rictor (by 40%) and SMAD-1 (by 84%), as compared with control OGD/ IC samples ( Figure 1E ).
Endothelial Monolayer Integrity is Improved After miR-155 Inhibition Following OGD
Changes in HBMEC morphology following OGD were observed using fluorescence staining for the adherens junction protein VE-cadherin ( Figure 2A ) and actin (Figure 2B ). There was a visible disruption of HBMEC monolayer following OGD, as compared with intact HBMECs grown under normoxic conditions (NC panels, Figure 2 ). There were noticeable changes in the morphology of ODG/IC cells (similar to another OGD/MC control group, not shown), with disorganized actin filaments and disaggregated monolayer. Visibly improved intercellular adhesion was observed in OGD/I cells, as compared with OGD/IC and OGD/M cells (note the immunofluorescence staining in the corresponding images of Figure 2A and 2B). Electrical monolayer resistance (EMR) was measured to evaluate the effect of miR-155 inhibition and overexpression on the HBMEC monolayer integrity. Quantification showed that 3 hours of OGD ( Figure 2C , striped bars) resulted in an 20% (P<0.01) decrease of the endothelial monolayer resistance, as compared with NCs. miR-155 inhibition resulted in a significant increase of the monolayer resistance in OGD/I cells (black bar), as compared with the appropriate control OGD/IC cells (black striped bar). Resistance of the cell monolayer was slightly decreased after miR-155 overexpression; however, no statistical significance was detected between OGD/M (grey bar) and the appropriate control OGD/ MC (grey striped bar) cells ( Figure 2C ).
Endothelial permeability assay evaluating the paracellular diffusion of fluorescent dextran was performed as an additional verification of the monolayer resistance measurements. The obtained data confirmed the monolayer resistance measurements: endothelial permeability significantly (by 20% as compared with NCs, P<0.05) increased after the OGD ( Figure 2D, striped bars) ; miR-155 inhibition resulted in a significant (16%) decrease, while its overexpression significantly increased (by 38%) the endothelial permeability, as compared with the appropriate OGD/I and OGD/M controls ( Figure 2D) . A different degree of changes between the electrical resistance and permeability of the OGD/M cells could be explained by a different sensitivity of the 2 methods to the molecular composition of the TJs in these cells (see Discussion).
miR-155 Inhibition Does Not Affect Viability and NO/Cytokine Release in HBMECs
In order to explore molecular mechanisms underlying the stabilization of HBMECs monolayer in OGD/I cells, we assessed several cellular functions, which could possibly be affected by miR-155 inhibition after the OGD. Using MTT viability assay, we determined that 3 hours of OGD decreased the average HBMEC viability by 12% ( Figure 3A , striped bars). No significant differences in cell viability were detected between OGD/I, OGD/IC, OGD/M, and OGD/MC samples. Another possible regulator of the endothelial integrity, endothelial NO synthase, is directly targeted by miR-155. 16, 18 NO is involved in protection of the BBB from hypoxia/reoxygenation-mediated injury. 22 We, therefore, assessed the NO release in all HBMEC experimental groups, but found no significant differences at 48 hours after the oligonucleotide transfections ( Figure 3B ). As a major inflammatory miRNA, miR-155 regulates cytokine expression, which could significantly influence the endothelial TJs. 19 It is also known, that OGD triggers the endothelial cell activation leading to increased cytokine release. To check whether miR-155 inhibition has an effect on cytokine production by HBMECs, we assessed the expression of 36 different human cytokines in the HBMEC-conditioned medium at 48 hours after transfection. We detected that following the OGD, HBMECs release 5 human cytokines/hemokines including macrophage migration inhibitory factor, interleukin 8, chemokine (C-C motif) ligand 2, and chemokine (C-X-C motif) ligand 1. Serpin E1/plasminogen activator inhibitor-1, a cytokine response modifier serine protease inhibitor that functions as a principal inhibitor of tissue plasminogen activator, was also identified in HBMEC-conditioned medium, which is in agreement with findings that serpins are released by stimulated endothelial cells. 23, 24 Human cytokine/chemokine assay did not reveal any significant differences between OGD/I, OGD/ IC, OGD/M, and OGD/MC samples. The NC group had a somewhat higher expression of macrophage migration inhibitory factor, serpin, and interleukin 8; however, these differences were not statistically significant ( Figure 3C and 3D). Another miR-155 target hypoxia-inducible factor 1a, the mediator of cellular response to hypoxia and regulator of TJ integrity, 25, 26 was undetectable in the cell lysates from all analyzed cell groups (neither by ELISA nor Western blot, data not shown).
Effect of miR-155 Inhibition and Overexpression on the Endothelial Cell Junction Proteins
Immunofluorescence microscopy ( Figure 4A ) and Western blot analyses ( Figure 4B and 4C) were utilized to check whether the changes in miR-155 expression influence the that there were no prominent differences in the expression levels of occludin, CLDN5, and VE-cadherin proteins within the treatment groups. ZO-1 levels were significantly higher in the OGD/I group, as compared with OGD/IC and OGD/M cells. These data demonstrate that inhibition of miR-155 in HBMECs considerably influenced both cellular distribution and expression levels of ZO-1 protein. ZO-1 upregulation was also reported after the in vivo inhibition of miR-155. In these studies, we proposed that ZO-1 stabilization was mediated by miR-155 direct target protein Ras homolog enriched in brain (Rheb). 18, 27 However, in the present study, Rheb levels were not affected by miR-155 inhibition or overexpression (which probably means that in vivo experiments detected the combined Rheb levels in the endothelial cells, as well as microglia and astrocytes). Another miR-155 direct target Rho GTPase Ras homolog gene family, member A (RhoA), 28 which could also influence cell adhesion, was not affected by miR-155 inhibition, but was somewhat (not consistently) decreased in OGD/M cells ( Figure 4B and 4C ). These data suggest that stabilization of ZO-1 in the OGD/I group of cells was not mediated via miR-155 direct targets Rheb and RhoA. Taken together, analyses of the cell junction proteins revealed that miR-155 inhibition in the OGD-subjected HBMECs led to ZO-1 stabilization, which is in agreement with previous studies on neuroinflammation and experimental ischemia.
18,29

miR-155 Inhibition Results in Stabilization of CLDN1
In order to explain the mechanism of ZO-1 stabilization in the OGD cells following miR-155 inhibition, we assessed the cellular distribution and protein levels of another miR-155 target CLDN1. This major TJ protein that plays an important role in TJ integrity has a low expression in cerebrovascular endothelium. In agreement with other studies, 30 samples, in the OGD cells transfected with control oligonucleotides (CLDN1 distribution and expression was similar in OGD/IC and OGD/MC control samples), CLDN1 distribution was mostly cytoplasmic and the expression was weak ( Figure 5A , OGD/IC panel). In the OGD/I group of cells, there was a visible change in CLDN1 distribution: while still weakly expressed, CLDN1 exhibited the well-defined membrane localization ( Figure 5A , arrows on OGD/I panels). Similar to OGD/IC (and OGD/MC) cells, CLDN1 immunoreactivity in OGD/M cells was low and the cellular distribution was mostly cytoplasmic ( Figure 5A , OGD/M panels). These observations were supported by Western blot analysis, which demonstrated an increased expression of CLDN1 in OGD/I samples, as compared with the NC and OGD/IC groups ( Figure 5B ). miR-155 overexpression resulted in significantly decreased CLDN1 levels, as compared with the relevant control ( Figure 5B , note a visible reduction of CLDN1 expression in OGD/M samples). These results demonstrate that miR-155 inhibition in HBMECs results in stabilization of its direct target protein CLDN1. Our data are in agreement with earlier reports demonstrating that miR-155 inhibition leads to stabilization of both ZO-1 and CLDN1 in the microvascular endothelium. 29 CLDN1 reverse transcription qPCR revealed that miR-155 inhibition or overexpression did not affect mRNA levels of CLDN1, which suggests that miR-155 regulates CLDN1 protein levels, with no immediate influence on CLDN1 mRNA integrity. In agreement with the previous reports, CLDN1 mRNA levels in all samples, including NC, were extremely low, as compared with CLDN1-positive control ( Figure 5C ). A luciferase reporter assay was performed to confirm that human CLDN1 is directly targeted by hsa-miR-155. As shown in Figure 5D , the miR-155 mimic , and OGD/M samples. Graph: optical density of the protein bands was measured using ImageJ software, normalized to GAPDH density in every sample, and expressed as the average relative density values. Mann-Whitney (Wilcoxon) test and Kruskal test were used to compare pairwise difference and overall difference, respectively. Overall differences were highly significant (P=0.0095); the pairwise difference between NC and OGD/I, OGD/IC, and OGD/I, and between OGD/MC and OGD/M was also significant (P=0.029). n=4 (for NC) and n=6 (for other groups) independent experiments. C, CLDN1 (CLDN1) quantitative polymerase chain reaction was performed in all samples (4 samples per group) and expressed as the relative fold change compared with CLDN1 expression in NC samples. Red bar demonstrates CLDN1 expression in the positive control sample (a mix of cDNAs synthesized from total RNA from 18 different human tissues; supplied by the manufacturer). D, Luciferase reporter assay, using Luc-Pair Duo-Luciferase HS Assay System, performed in HeLa cells. Cells were cotransfected with reporter plasmids carrying a fragment of the 3 0 -UTR region of CLDN1 (Firefly CLDN1, grey bar), miR-155 mimic (Firefly CLDN1+M, blue bar), and a combination of miR-155 mimic and inhibitor (Firefly CLDN1+M+I, purple bar). Kruskal test showed a significant overall difference P=0.023). Mann-Whitney test showed a difference between Firefly CLDN1 and Firefly CLDN1+M (P=0.029), and between CLDN1+M and CLDN1+M+I (P=0.029). n=4 samples per group. Error bars: SEM; *P<0.05.
significantly reduced luciferase activity of the reporter containing the 3 0 -UTR of human CLDN1 ( Figure 5D , Firefly CLDN1+M), but not when miR-155 activity was inhibited by a specific miR-155 inhibitor ( Figure 5D , Firefly CLDN1+M+I). These results confirmed that human CLDN1 is directly targeted by miR-155.
ZO-1 and CLDN1 Colocalize and Bind to Each Other in OGD/I Cells
Based on the data described above, we hypothesized that stabilization of both CLDN1 and ZO-1 in the OGD/I cells improves TJ integrity after miR-155 inhibition. The 2 proteins can bind and interact with each other, and these interactions are critical for TJ assembly and maintenance. 32, 33 Double immunofluorescence staining for CLDN1 and ZO-1 is demonstrated in Figure 6A and 6B. To check for possible colocalization/co-occurance of the 2 proteins in OGD/I cells, we performed a quantification of the immunofluorescence images and assessed the degree of overlap between 2 channels in the series of confocal microscopy images. ZO-1/CLDN1 colocalization maps are shown in Figure 6C , with high magnification in Figure 6D , where yellow indicates full colocalization and red indicates no colocalization areas. In some cases, ZO-1 and CLDN1 were coexpressed in the intracellular vesicles, as demonstrated in the representative orthogonal projection image in Figure 6E . Applied automated analysis detected Pearson colocalization coefficient r=0.88 (for the entire cell quantification) and r=0.66 for cell membrane localization. Mander co-occurrence coefficients for both channels (M1 and M2) had a value of 0.99. Since the values of both coefficients were >0 and closer to 1, we conclude that CLDN1 and ZO-1 are localized together in OGD/I cells, and, with high probability, interact with each other both in the cytoplasm and within the TJ plaque. Immunoprecipitation with ZO-1 antibody confirmed our immunofluorescence data, showing that CLDN1 coimmunoprecipitated with ZO-1 in HBMECs ( Figure 6F , ZO-1 and CLDN1 immunoblots). Levels of CLDN1 and ZO-1 were visually greater in the immunoprecipitates from OGD/I samples (IP-OGD/I), as compared with OGD/IC controls. The amount of coprecipitated actin (ZO-1 is an actinassociated protein) was also higher in the OGD/I samples ( Figure 6F, actin immunoblot) . Since the expression of both ZO-1 and CLDN1 was initially lower in OGD/IC cell lysates, the comparative analysis of the immunoprecipitation results between OGD/IC and OGD/I groups is irrelevant. Nonetheless, the immunoprecipitation experiments demonstrate that despite the low expression, CLDN1 directly binds to ZO-1 in HBMECs, and this association becomes more efficient after the miR-155 downregulation. ZO-1 levels and localization are influenced by its phosphorylation. 8, 34 Therefore, we compared the ZO-1 phosphorylation state in anti-ZO-1 immunoprecipitates from OGD/I and OGD/IC cells. Immunoblot with phosphotyrosine antibody detected that ZO-1 was phosphorylated both in OGD/I and OGD/IC samples ( Figure 6F , pTyr immunoblot, lanes 5 and 6). Weak phosphorylation of ZO-1 on serine residue was detected in both immunoprecipitates ( Figure 6F , pSer immunoblot, lanes 7 and 8). Overall, no prominent differences in ZO-1 phosphorylation (both on Tyr and Ser residues) were found between OGD/I and OGD/IC samples. Based on these data we conclude that CLDN1/ZO-1 interaction in OGD/I cells is not associated with the changes in ZO-1 phosphorylation.
In order to confirm that the miR-155 inhibition-induced effect on ZO-1 expression and TJ strengthening was mediated via CLDN1, we transfected human CLDN1 cDNA into HBMECs subjected to OGD. The increased expression of CLDN1 resulted in ZO-1 stabilization following OGD ( Figure 6G , lane 1; representative OGD+CLDN1 sample). In addition, stabilization of CLDN1 and ZO-1 was associated with a significant increase in the electrical resistance and decrease in permeability of the endothelial monolayer ( Figure 6H and 6I) .
Together, these data demonstrate that CLDN1 overexpression and miR-155 inhibition had similar effects on HBMEC TJ integrity.
Discussion
The mechanisms that drive BBB dysfunction after ischemia/ hypoxia remain elusive, and a probable involvement of miR-155 in these processes is still unclear. Several studies report an induction of miR-155 expression after hypoxia 35, 36 and following stroke. 37, 38 Similar to our in vivo studies, the expression of miR-155 was not significantly altered in HBMECs at 3 days after the in vitro hypoxia. Nevertheless, based on our previous and present investigations, we propose that the inhibition of this miRNA has a positive effect on the processes associated with postischemic recovery. Our present study discloses a beneficial effect of miR-155 inhibition on the endothelial barrier function. We utilized the OGD (to mimic ischemia/reperfusion conditions) and an in vitro cell culture transwell model. Primary HBMECs used in our study are highly relevant for this investigation, as the BBBforming microvascular endothelium is extremely vulnerable to stroke-related injury. The in vitro experimental setup imitated our in vivo studies (miR-155 inhibitor was applied after the OGD, and its effect was studied 48 hours later), with slight modifications specific to cell culture experiments. We believe that our experimental setup bears a resemblance to hypoxia/ ischemia and reperfusion processes after stroke. Our data reflect a disruption of cell adhesion after the OGD, as well as HBMECs ability to recover, assemble TJs, and form a monolayer after the restoration of oxygen and nutrient supply. Actin was used as a loading control. H, Endothelial monolayer resistance was assessed at 48 hours after the cell transfection. Measurements were performed in NC (white bar), OGD+EV (blue bar), and OGD+CLDN1 (grey bar) cells. Measured resistances were corrected by subtracting blank resistance and multiplying by the area of the insert membrane. Final unit area resistance data are expressed as percentage of the measurements in NC cells (graph). n=3 (for OGD+EV and NC) and n=4 (for OGD+CLDN1) independent experiments, and each experiment had 24 wells (unit of analysis). Tests based on linear mixed effects models show an overall difference (P<0.001) and a difference between OGD+EV and OGD+CLDN1 (P=0.029). I, Following the monolayer resistance measurements, the same cells were subjected to endothelial monolayer permeability assay. The amount of fluorescent dextran diffusing through the monolayer from the upper chamber to the lower chamber was measured with a microplate fluorometer. Data on the graph are expressed as a percentage of the fluorescence intensity measured in NC cells. n=3 independent experiments each with 24 wells per group (unit of analysis). Tests based on linear mixed effects models revealed a significant overall difference (P=0.001), and a difference between EV and CLDN1 (P=0.018). Error bars: SEM; *P<0.05.
In agreement with our previous in vivo studies, miR-155 inhibition supported the endothelial barrier function, which was reflected in the increased electrical resistance and decreased monolayer permeability. In contrast to the inhibition of miR-155, its overexpression did not have a significant effect on the electrical resistance. The electrical resistance of the monolayer is mostly sensitive to the composition of claudins in the TJs. 39 Therefore, we suppose that the electrical resistance in OGD/M and OGD/C control cells was similar because of the absence of CLDN1 on the cell membranes in both groups. A stronger effect of miR-155 overexpression on the HBMEC permeability could be associated with the additional factors influencing solute penetration including possible direct effect of miR-155 inhibition on the actin cytoskeleton and the transcellular flow. In order to explain the possible mechanisms underlying the anti-miR-155-induced support of the endothelial integrity, we checked several cellular processes associated both with the endothelial barrier functions and miR-155. Our analyses showed no prominent effect of miR-155 inhibition or overexpression (after OGD) on HBMEC viability, and no difference in NO or cytokine production was detected between treatment groups. Based on our in vivo studies demonstrating the increase in endothelial NO synthase expression following miR-155 inhibition, we expected that miR-155 silencing would stimulate NO production. These expectations were not supported by our in vitro results. We therefore presume that in the in vitro setting, hypoxia induces endothelial dysfunction, which inhibits NO release from the HBMECs. 40, 41 This could be associated with: (1) NO trapping by free radicals, and (2) reduced endothelial NO synthase activity (even with its elevated expression). In pathological states involving the barrier dysfunction, the levels of cell junction proteins present in the microvessels are altered, contributing to the barrier breakdown. miR-155 inhibition or overexpression after the OGD did not have a prominent effect on occludin and CLDN5, but significantly influenced the expression levels and cellular localization of major TJ scaffolding protein ZO-1. Interestingly, similar effect on ZO-1 was observed in our in vivo miR-155 inhibition experiments. As ZO-1 is not a direct target of miR-155, we looked at the possible mediators of ZO-1 stabilization among the direct targets, including Rheb and RhoA. These factors, however, were not affected by the changes in miR-155 levels.
CLDN1, one of the major components of TJs, is among the direct targets of miR-155. 42, 43 While CLDN5 is highly expressed in the brain endothelium, CLDN1 expression in cerebral capillaries is low and was only confirmed to be present in human, rat, and sheep BBB. 3, 30, 31 Regardless of the low expression, CLDN1 function in human brain capillaries is critical for the maintenance of the BBB integrity during neuroinflammation and brain tumor. 29, 44 In the experimental model of EAE, the induced expression of CLDN1 in only 30% to 50% of brain vasculature was sufficient for BBB strengthening and significant amelioration of the disease. 45 Based on these studies and our own data, we propose that increased expression of CLDN1 and ZO-1 after miR-155 inhibition significantly contribute to the stabilization of HBMECs monolayer after OGD. Overexpression of miR-155 resulted in prominent reduction of both CLDN1 and ZO-1 in the HBMECs, which confirms that miR-155 influences both the levels and cellular localization of these proteins. Based on our results, we hypothesize that ZO-1 stabilization in the OGD/I cells is mediated via CLDN1. The claudin-ZO-1 interaction results in recruitment of ZO-1 to claudin-based cellular networks on cell-cell borders, which is critical for TJ assembly and maintenance. 32, 33 Thus, we concluded that the increased expression of these 2 major TJ proteins following miR-155 downregulation, and their translocation to the cell membranes, make this interaction more efficient. The observed cooccurrence of the 2 proteins in the intracellular vesicles points to a possibility that they are transported together as the components of vesicular membrane traffic, which is critical for TJ assembly. 46 Interestingly, CLDN1/ZO-1 interaction is required for trafficking of claudins and formation of the TJ complex. 47 Based on our results, miR-155 inhibition and overexpression have strong effects of the actin cytoskeleton. Such cytoskeletal modulation is likely to play a significant role in the described effects of miR-155 on the endothelial barrier. Apart from ZO-1/CLDN1 interactions, other cell signaling pathways involving VE-cadherin (showing stronger membrane expression), and direct miR-155 targets SMAD-1 and Rictor (significantly increased after miR-155 inhibition) could also contribute to the barrier strengthening in the OGD/I cells. SMAD-1 is a member of the bone morphogenetic protein pathway, implicated in vascular stabilization. 48 Increased expression of Rictor, a major component of the mTORC2 complex, could activate mTOR signaling, which plays an important role in endothelial cell function.
49,50
Conclusions
Our investigation demonstrates that inhibition of miR-155 supports the integrity and barrier properties of HBMECs after the OGD. This support is associated with the membrane localization and increased expression levels of major TJ proteins ZO-1 and CLDN1. We propose that miRNA inhibition-induced stabilization of ZO-1 and the overall improvement of the endothelial barrier function are mediated via miR-155 direct target protein CLDN1. The present investigation supports our hypothesis that cerebral regeneration after stroke can be improved by the modulation of miR-155 activity. Figure S1 . 
SUPPLEMENTAL MATERIAL
